Hepatitis C virus (HCV) nonstructural protein 5B (NS5B), the viral RNA-dependent RNA polymerase (RdRp), is a tail-anchored protein with a highly conserved C-terminal transmembrane domain (TMD) that is required for the assembly of a functional replication complex. Here, we report that the TMD of the HCV RdRp can be functionally replaced by a newly identified analogous membrane anchor of the GB virus B (GBV-B) NS5B RdRp. Replicons with a chimeric RdRp consisting of the HCV catalytic domain and the GBV-B membrane anchor replicated with reduced efficiency. Compensatory amino acid changes at defined positions within the TMD improved the replication efficiency of these chimeras. These observations highlight a conserved structural motif within the TMD of the HCV NS5B RdRp that is required for RNA replication.
Hepatitis C virus (HCV) chronically infects 120 to 180 million people worldwide and is a leading cause of liver cirrhosis and hepatocellular carcinoma (6) . A hallmark of HCV and of all other positive-strand RNA viruses investigated to date is their capacity to induce distinct intracellular membrane alterations which serve as a scaffold for the assembly of a viral replication complex (reviewed in reference 13). The formation of such a complex requires the concerted interplay of viral proteins, replicating RNA, intracellular membranes, and additional host factors.
HCV nonstructural protein 5B (NS5B), the viral RNA-dependent RNA polymerase (RdRp), belongs to a class of membrane proteins termed "tail-anchored proteins" (7, 16) . Characteristic features of these proteins include (i) posttranslational membrane targeting via a C-terminal transmembrane domain (TMD), (ii) integral membrane association, and (iii) cytosolic orientation of the functional protein domain (reviewed in references 9 and 18). The TMD of the HCV RdRp was mapped to the Cterminal 21 amino acids and is required for viral RNA replication, similarly to the membrane segments of the other HCV nonstructural proteins (2, 14, 15) . Sequence analyses and structure predictions coupled with systematic mutational analyses suggested that the TMD of the HCV RdRp may be involved in intramembrane protein-protein interactions required for the assembly of a functional replication complex (14) .
In order to gain further insight into the function and conserved features of the HCV RdRp TMD, we investigated whether GB virus B (GBV-B), the second species in the Hepacivirus genus (11) , is membrane associated by a similar membrane anchor. GBV-B causes acute and chronic hepatitis in New World primates, is the closest relative of HCV, and has been used as a surrogate in vivo model virus for HCV infection (3). As shown in Fig. 1A , the algorithms HMMTOP, Tmpred, TMHMM, TopPred, and SOSUI strongly predicted the presence of a TMD within the C-terminal 19 to 24 amino acids of GBV-B NS5B.
To experimentally validate these predictions, we fused either full-length NS5B or the C-terminal 31 amino acids of NS5B derived from an infectious GBV-B cDNA clone (4) (kindly provided by Jens Bukh, University of Copenhagen, Denmark) via a serine-glycine linker sequence to the C terminus of green fluorescent protein (GFP), yielding construct pCMVGFP-GBV-B-NS5B or pCMVGFP-GBV-B-NS5BC31, respectively. In addition, a construct was prepared in which GBV-B NS5B with a deletion of its C-terminal 23 amino acids was fused to GFP (pCMVGFP-GBV-B-NS5B⌬C23). The subcellular localization of these constructs was analyzed by confocal laser scanning microscopy. As shown in Fig. 1B , GFP alone is distributed diffusely within the cell. In contrast, the fine reticular cytoplasmic fluorescence pattern with perinuclear enhancement and staining of the nuclear membrane clearly indicates that full-length GBV-B NS5B is targeted to intracellular membranes. The same pattern was observed when only the C-terminal 31 amino acids of GBV-B NS5B were fused to GFP. Importantly, deletion of the C-terminal 23 amino acids of GBV-B NS5B resulted in diffuse cytoplasmic and nuclear staining, with some accumulation in nucleoli, as described previously for an HCV NS5B construct with a deletion of its C-terminal 21 amino acids (16) .
Membrane association of GBV-B NS5B through a C-terminal membrane anchor was confirmed by membrane flotation analyses. In brief, hypotonic lysates of transfected cells were analyzed by equilibrium centrifugation in Nycodenz gradients, as described previously (2, 12) . Under these conditions, membranes and associated proteins float to the top of the gradient while soluble and aggregated material remains at the bottom. As shown in Fig. 1C , the fusion proteins comprising either full-length GBV-B NS5B or only its C-terminal 31 amino acids were found in the membrane fractions, while GFP alone or the GBV-B NS5B⌬C23 construct remained in the bottom fractions. In conclusion, these results demonstrate that the Cterminal segment of GBV-B NS5B mediates membrane association. Therefore, the GBV-B RdRp, as is its HCV counterpart, is a tail-anchored protein.
To explore whether the membrane segments of these RdRps can functionally replace each other, we generated a subgenomic genotype 1b replicon in which the HCV NS5B TMD was replaced by the corresponding newly identified segment from GBV-B NS5B. As shown in Fig. 2A , the design of the chimeric replicon was based on (i) the similarity of amino acid sequences, (ii) the predicted transmembrane segments, and (iii) the distribution of charged residues. Positively charged amino acid residues flanking the HCV NS5B TMD at the N-terminal end were preserved, as these may be involved in proper positioning of the membrane anchor. In the GBV-B sequence, an additional positively charged lysine residue can be found at position Ϫ20. We assumed that amino acids phenylalanine, leucine, and valine at positions Ϫ21 to Ϫ23 are part of the membrane anchor due to their hydrophobic character. In this setting, lysine Ϫ20 would be located inside the membrane, which is conceivable given the length of the lysine side chain that allows the charge to reach the membrane surface (17) .
Since the C-terminal HCV NS5B coding region overlaps with an essential cis-acting replication element (CRE) (5, 19) , this NS5B CRE was duplicated after the stop codon in order to avoid effects on RNA replication resulting from an alteration of RNA secondary structures (5, 14) . Plasmid pBSK8499-9605/ dv1-3, harboring an NS5B CRE duplication (kindly provided by Ralf Bartenschlager, University of Heidelberg, Heidelberg, Germany), was used to construct wild-type and chimeric replicons designated pHCVrep/neo-S2201I-dsl3 and pHCVrep/ neo-S2201I-GBV-B-NS5BC23-dsl3, respectively. In vitro-transcribed replicon RNA was electroporated into Huh-7.5 cells In vitro-transcribed replicon RNA was electroporated into Huh-7.5 cells, followed by G418 selection and colony staining 3 weeks later. Cells (6 ϫ 10 5 , 6 ϫ 10 4 , and 6 ϫ 10 3 per 100-mm tissue culture dish) were plated from each electroporation. Results of a representative experiment are shown in the upper panel. The lower panel illustrates the mean colony numbers Ϯ standard deviations (SD) from four independent experiments. (E) Three-dimensional structure models of the TMDs of HCV NS5B, the HCV/GBV-B NS5B chimera, and reengineered mutants. Models were tentatively positioned within a phospholipid bilayer. For HCV NS5B and the HCV/GBV-B chimera, both amino acid surface and ribbon representations are shown to highlight the holes at the TMD surface due to the short side chain residues in the conserved structural motif (boxed in panels A, B and C). For the reengineered mutants, the side chain surfaces of key residues are represented together with the overall ribbon representations. Amino acid numbering of the HCV/ GBV-B chimera from the C terminus is according to panels A, B, and C. Residues are colored according to side chain chemical properties: hydrophobic, gray; polar (Ser, Thr, Asn, Gln), yellow; basic (Arg and Lys), blue; acidic (Asp and Glu), red; Cys, green. Glycine and alanine residues within the conserved structural motif are magenta and orange, respectively. Mutated residues at positions Ϫ12, Ϫ13, and Ϫ14 in the HCV/GBV-B 11582 NOTES J. VIROL.
(1) (kindly provided by Charles M. Rice, Rockefeller University, New York, NY), followed by G418 selection and colony staining 3 weeks later. Interestingly, the HCV/GBV-B chimeric construct was viable, albeit with an approximately 120-foldreduced efficiency compared to that of the wild-type HCV replicon harboring the NS5B CRE duplication (Fig. 2D) . The significantly reduced colony formation efficiency suggested that viable chimeric clones had acquired compensatory changes. In order to identify such changes, selected clones were expanded, followed by RNA extraction, reverse transcription, PCR amplification, and sequencing of the HCV/GBV-B chimeric reading frame. Strikingly, amino acid changes were found to cluster in a narrow region in the center of the GBV-B NS5B TMD and represented primarily changes to amino acids with small and polar side chains, such as glycine and serine (Fig. 2B) . Additional changes, but without any consistent pattern or clustering, were found in the HCV polyprotein (data not shown).
To test whether the amino acid changes identified within the GBV-B NS5B TMD were indeed compensatory changes, we reengineered them into the parental pHCVrep/neo-S2201I-GBV-B-NS5BC23-dsl3 replicon construct (Fig. 2C) . The leucine-to-isoleucine change observed in clone 3-1 was not analyzed further, because this substitution preserves the amino acid physicochemical properties. As shown in Fig. 2D , the change from valine at position Ϫ14 (VϪ14G) to glycine and from alanine at position Ϫ12 to serine (AϪ12S) resulted in markedly enhanced replication efficiency (approximately 42-and 23-fold, respectively). Furthermore, the change from phenylalanine at position Ϫ13 to serine (FϪ13S) enhanced the replication efficiency approximately 7-fold. In contrast, the change from alanine at position Ϫ12 to glycine (AϪ12G) (clones 3-1 and 3-2 in Fig. 2B ) did not increase the number of G418-resistant colonies, suggesting that changes elsewhere in the polyprotein compensated for the replication efficiency of this clone. Taken together, compensatory amino acid changes in the center of the GBV-B NS5B TMD partially restored replication of the HCV/GBV-B chimeric replicon.
To compare the positions of compensatory changes relative to the HCV TMD, structure models were generated by molecular modeling using homologous TMDs of known structure as template and the Swiss-PdbViewer program as described in the legend to Fig. 2E . As shown in Fig. 2E , amino acid changes in the GBV-B RdRp TMD clustered within a narrow region that corresponds to the position of an absolutely conserved GVG motif in the HCV RdRp TMD. We have reported previously that replacement of the glycine residues within this motif by leucine (LVL mutant) disrupts HCV RNA replication (14) . These observations, together with the physicochemical characteristics of the compensatory changes, suggest that small polar and flexible amino acids are required at this position within the HCV TMD to generate a structural element involved in essential intramembrane protein-protein interactions. In this context, the compensatory changes of helix-stabilizing large residues valine and phenylalanine into helix-breaker residues serine and glycine are expected to provide more flexibility to transmembrane ␣-helix folding, which should favor further interactions with other TMDs. Therefore, serine and glycine residues could directly contribute to the formation of a specific interaction site or modify specific interactions indirectly. These different features may explain the distinct phenotypes observed for the AϪ12S and AϪ12G substitutions. Taken together, these data strongly suggest that a conserved structural element within the HCV and GBV-B NS5B TMDs is essential for the establishment of a functional replication complex.
It has been reported previously that the HCV RdRp TMD can be functionally replaced by the membrane segment of poliovirus protein 3A (PV3A) (10) . In accordance with this report, we found that an HCV-PV3A chimera replicated almost as efficiently as the wild type in the context of subgenomic replicons with an NS5B CRE duplication (Fig. 3A and data not shown). In contrast, a chimeric construct harboring the Cterminal membrane segment of human cytochrome b5 (Cb5), a prototype tail-anchored protein (8), did not yield any viable clones (Fig. 3A and data not shown). As shown in Fig. 3A , the same HCV sequence was present on the N-terminal side of the different TMDs in all chimeras, allowing comparable N-terminal positioning in the phospholipid bilayer of all resulting three-dimensional models. Interestingly, the putative interaction site identified above consists primarily of amino acids with small side chains in HCV and PV3A (Fig. 3A, boxes) . A possible difference in the Cb5 TMD at the position of the putative interaction site could be the more rigid organization due to the presence of helix-stabilizing alanine residues and the absence of glycine helix-breaker residues, as shown in the three-dimensional model in Fig. 3B . One can speculate, therefore, that the introduction of glycine and serine residues allows the flexible adaptation of a structural interaction element in the GBV-B segment that is present in HCV and PV3A. In contrast, this element required for RNA replication is absent in Cb5 or impeded by its rigid structural organization. Even though this hypothesis of a defined interaction site composed of small amino acids remains speculative at this point, our data clearly highlight a conserved structural motif within the HCV RdRp TMD that is critical for HCV replication and is conserved to some extent in the TMDs of the GBV-B RdRp and of PV3A.
In conclusion, we identified the GBV-B RdRp as a new member of and the second polymerase within the tail-anchored protein family. Moreover, analyses of an HCV/GBV-B chichimera are colored accordingly. The structure model of the HCV RdRp TMD was deduced from nuclear magnetic resonance analyses of a synthetic peptide comprising NS5B amino acids 563 to 591 (F. Penin, unpublished data). To construct the model structure of the GBV-B NS5B TMD, similar ␣-helical transmembrane segments of known three-dimensional structure were used as templates. The chimera model was assembled by combining the structures of segment 563 to 569 of HCV NS5B (F. Penin, unpublished data), segment 46 to 72 of F1F0 ATP synthase subunit c (Protein Data Bank [PDB] entry 1C0V), and segment 26 to 48 of phospholamban (PDB entry 2KB7) using the Swiss-PdbViewer program (http://spdbv.vital-it.ch/). The figure was generated from three-dimensional atom coordinates using Visual Molecular Dynamics (http://www.ks .uiuc.edu/Research/vmd) and rendered with POV-Ray (http://www.povray.org).
VOL. 84, 2010 NOTESmera allowed the identification of a conserved structural motif within the HCV RdRp TMD that is essential for the assembly of a functional replication complex. This motif appears to be shared among HCV, GBV-B, and PV3A but not Cb5, a prototype tail-anchored protein. Further exploring the function and interactions of this motif may yield new insights into the functional architecture of the HCV replication complex and may identify novel targets for therapeutic intervention.
